This article studies the specific features of cathode vacuum arc deposition of coatings used in the production of cutting tools. The detailed analysis of the major drawbacks of arc-Physical Vapour Deposition (PVD) methods has contributed to the development of the processes of filtered cathodic vacuum arc deposition to form nanoscale multilayered composite coatings of increased efficiency. This is achieved through the formation of nanostructure, increase in strength of adhesion of coating to substrate up to 20%, and reduction of such dangerous coating surface defects as macro-and microdroplets up to 80%. This article presents the results of the studies of various properties of developed nanoscale multilayered composite coating. The certification tests of carbide tool equipped with cutting inserts with developed nanoscale multilayered composite coating compositions in longitudinal turning (continuous cutting) and end symmetric milling, and intermittent cutting of steel C45 and hard-to-cut nickel alloy of NiCr20TiAl showed advantages of tool with nanoscale multilayered composite coating as compared to the tool without coating. The lifetime of the carbide inserts with developed NMCC based on the system of Ti-TiN-(NbZrTiCr)N (filtered cathodic vacuum arc deposition) was increased up to 5-6 times in comparison with the control tools without coatings and up to 1.5-2.0 times in comparison with nanoscale multilayered composite coating based on the system of Ti-TiN-(NbZrTiCr)N (standard arc-PVD technology).
Introduction
The global industrial production more and more often applies the processes to increase the performance characteristics of various products by deposition of modifying multilayered composite coatings. The most impressive positive results are demonstrated by edge cutting tools with coatings of modern generation in the machining of a variety of structural materials, including materials commonly referred to as ''hard-to-cut materials.'' [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In particular, up to 85-90% of carbides cutting tools are produced with coatings of various compositions, architectures, and properties. 14 The increased performance of coated cutting tool is achieved due to (i) better balance between brittle and plastic strength of the composition of ''tool material-coating,'' (ii) reduction of the level of thermomechanical stresses acting on the cutting wedge of the tool during cutting, and (iii) improvement of the thermal state of the cutting tool system, which results in the increase in resistance of the cutting tool wedge to brittle and plastic failure and reduction in tool wear rate. [1] [2] [3] [4] [5] [6] [7] [8] 10, [12] [13] [14] Different types of tools made of high-speed steels and carbides with coatings of modern generation are characterized by higher performance exceeding the lifetime of standard uncoated tool by 1.5-8 times, and they can increase the material removal performance due to the increase in cutting speed by 20-60%. 1, 2, [4] [5] [6] 8, [12] [13] [14] [15] [16] The processes of vacuum arc deposition of coatings, referred to as metal vapor vacuum arc (MeVVA), are widely used in the practice of tool production, being the most adaptive processes for the implementation of new principles for formation of coatings of various functional purposes, relevant to concepts of gradient, metastable, discrete, multicomponent, multilayered, or superlattice. 1, 2, 6, 8, [17] [18] [19] [20] MeVVA processes are based on generation of substance with cathode spot of vacuum arc of highcurrent, low-voltage discharge, emerging only in pairs of the cathode material. MeVVA processes are characterized by high performance of coating deposition, 10 times higher than the performance of, for example, Chemical vapor deposition (CVD) processes. This can be explained by the possibility for acceleration of highly ionized flow by applying a negative potential (relative to camera body) to the substrate, as well as by the possibility for a significant increase in density and homogeneity of the plasma stream by means of special magnetic accelerating systems (Hall accelerators). 1, 15, [17] [18] [19] MeVVA processes are implemented in a wide range of temperature changes with short duration of the process, which eliminates the thermal softening of all tool materials and allows considering these processes as universal. Furthermore, MeVVA processes provide high adhesion between the coating and the substrate, and they are characterized by good reproducibility and alternatives for automation and are environmentally friendly.
Meanwhile, MeVVA processes are also characterized by organic drawbacks as follows: 1, 6, 21, 22 (i) formation of macro-and microparticles of the cathode material during plasma generation, especially for metals with relatively low atomic weight and density(titanium (Ti), aluminum (Al), etc.), which is a dangerous coating defect. These macro-and microparticles reduce the operational efficiency of coated products, especially if they are located at the boundaries of the system ''substrate coating'' or on the coating surface; (ii) combination of processes of thermal activation (heating) and ionic cleaning of product surface prior to application of coating, which, on the one hand, can result in electroerosion of its cutting edges (because of stochastic formation microarcs), and on the other hand, in sharp deterioration of the coating surface because of insufficiently complete ion cleaning; and (iii) effect of ''focus'' of the plasma flow, affecting the formation of the highest quality coating only when the plasma flows perpendicularly to the product surface, and that results in the need for complex motion of the tool relative to the plasma flow in the station chamber (as a rule, a planetary or double planetary rotation)
Methods to improve structure and quality of functional nanostructured coatings for cutting tools, deposited by MeVVA method
At present, the basic trends for improvement of the MeVVA processes are related to (i) development of processes and devices for the filtration of vapor-ion stream in order to separate macro-and microparticles, (ii) creation of devices for quenching microarc and prevention of electroerosive etching of cutting edges and working surfaces of the tool, (iii) development of processes to form nanostructured coatings of various compositions and architectures, and (iv) development of the combined processes for modification of working surfaces of the tool (laser-assisted deposition of coatings, deposition of coating with high-energy ions with power of about 10-200 keV, combined treatment with plasma, stimulated by electric discharge, followed by coating deposition, etc.).
From the analysis of features of the plasma generated by vacuum arc spots, the following can be noted: 15, 17, 18, [21] [22] [23] [24] [25] [26] [27] (i) plasma contains a certain amount of different neutral particles; (ii) kinetic energy of the ions is relatively high (20-100 eV) and is higher than the energy (eU o ) of cathodeanode potential drop, where U o is the arc voltage; (iii) electrical current moves up to 8% of ions; and (iv) electric field in the plasma is extremely weak.
The cathode spot is of small diameter from 10 À8 m up to 10 À4 m and is an intense source of plasma with current density of about 10 6 -10 12 A m À2 . Spot motion speed is determined by the coefficients, dependent on a number of factors, including the properties of the cathode material, the residual vacuum, and the parameters of external magnetic fields. The rate of erosion of the cathode depends on the state of its surface and can vary significantly depending on the presence of contaminants or oxide films.
The flow ejected from the cathode surface consists of a mixture of vapor and ion particles (main component), macro-and microparticles (droplet phase). The ability to eject the highly ionized plasma flows (up to 90-95%) in vacuum space is the reason for the widespread use of systems with arc plasma sources, since it provides directional control over the parameters of coating deposition on the activated surface of the substrate material. 1, 18, 23, 24, 26 The emission of ions is characterized by the energy, the discharge state, and the degree of ionization.
Positively charged ions, ejected by the cathode spots from the cathode surface, are able to reach the anode and possess the energies much exceeding the energies projected at certain potential difference between the anode and the cathode. [7] [8] [9] 17 It is found out that when the cathode-anode potential drop reaches 10-30 V, the energy level of the ions emitted from the cathode surface is about 13-50 eV per discharge. 9 To explain this phenomenon, two hypothetical theories were suggested for the mechanisms of ion formation with the energies higher than the energies of the cathode-anode potential drop. According to the theory of the potential maximum, 9,17 the ions, which are formed as a result of electron-atom collisions, are ejected toward the anode from the area of the positive ion cloud, instantly appearing directly above the spot of vacuum arc. In the area of the ion cloud, the maximum peak potential is formed above the cathodic plane, and if this figure exceeds the cathode potential by approximately 50 V, it is sufficient to accelerate the ions up to the energies that are typically registered by experiments (Figure 1 ).
The gas dynamic theory 18, 28 explains the increase in the ion energy by the momentum transfer from the flow of electrons to the ions through collisions. It should be noted that the precise model of the ion acceleration mechanism is under discussion and both the aforementioned mechanisms are so far hypothetical.
The cathode spot and the interelectrode area are also a source of intense photon emission. 28 The detailed spectroscopic studies of these areas in the direction of the normal surface of the cathode showed the presence of neutral particles with energies of about 5 eV and ions with energies of 50-60 eV. The instability of photon flow from neutral particles, registered during measurements, as compared to the stability of the measurements of flow of ionized particles, indicates that the vapor can also be formed within the extended area, which actually is not limited by the cathode spot. Evaporation can also occur in areas with molten metal signs created by migrating cathode spots. The charge state of ions (Z) is evaluated statistically and under repeated measurements, which determines very high degree of their charge about Z ¼ 6. 8 The degree of ionization depends strongly on the properties of the evaporated cathode material. For example, at evaporation of Ti under high vacuum, the degree of ionization is about 0.7, and at evaporation of titanium nitride (TiN) under residual nitrogen pressure ((pN) ¼ 0.1-1.5 Pa), it is about 0.85. The particles, ejected by the cathode spot of vacuum arc discharge, include macro-and microdroplet component of the cathode material with the diameters of about 0.1-100 mm (Figure 2 ). 1, 2, 5, 21, 22, 25, 26 Generated particles can appear over the entire coating, at boundaries of the interface of ''coating substrate'' and on its surface, into contact with cut chips. Micro-and macroparticles, which appear on the boundaries of the interface of coating substrate and on its surface, are particularly dangerous. In one case, it can result in partial or complete delamination of the coating because of the sharp decline in the strength of adhesion to the tool material and, in the second case, in the increase in the propensity to adhesion to the material being machined, formation of strong adhesive bonds between them, emergence of large centers of coating failure, and sharp increase in wear rate for tool contact areas. Typical coating defects, which decrease their efficiency, are shown in Figures 3 to 5 .
Analyzing typical coating defects arising from the use of standard arc-Physical Vapour Deposition (PVD) processes MeVVA, it may be noted that the problem of reducing the number of micro-and macrodroplets is one of the most important tasks of perfection for coating deposition technologies on the cutting tools. Recently, research to improve the quality of coatings by reducing the number of micro-and macrodroplets of cathode material at deposition of coatings are conducted, and results are presented in publication. 10, 18, [21] [22] [23] [24] [25] [29] [30] [31] In this context, the challenge of reducing the formation intensity and the number of macro-and microparticles is one of the most important tasks of improving the technology of deposition of coatings through the MeVVA methods. Recently, a large number of studies were carried out concerning the improvement of coating quality by reducing the number of micro-and macrodroplets of cathode material during deposition of coatings.
To understand the main reasons for the generation of droplets, let us briefly examine the mechanism of their formation during the process of coating deposition. The droplets are ejected from the cathode surface at a slight angle to the surface with a pronounced peak in the distribution at an angle of about 20 . The distribution of sizes of ejected droplets obeys the exponential law, and the amount of particles in the distribution increases when their size decreases. The extremum distribution corresponds to the maximum number of droplets with diameters of 0.1-2.0 mm. Rate of erosion of macrodroplets W mp can be estimated by the following formula
where W total is the full cathode erosion rate, F is the component of the ion current (approximately 0,1), m i is the ion mass, and eZ is the average state of ion charge. The intensity of the droplets ejection from the cathode surface increases with the decrease in the ultimate melting temperature of metal and erosion rate W mp . Upon evaporation of the refractory materials and intense cooling of the cathode, the amount of micro-and macrodroplets formed decreases considerably and reaches less than 1% of the total mass of the erodible cathode material.
It is found out that the droplets size decreases with the increase in nitrogen partial pressure, and it is caused by the passivation of Ti cathode surface with layer of TiN, resulting in the increase in the melting point of the cathode surface from 1675 C (Ti) up to 2950 C (TiN). Droplets ejection rate is in the range of 0.1-800 m s À1 , depending on the mass of droplets. 17 Several papers are devoted to the modeling of the process of formation of micro-and macrodroplets in order to understand the speed and angular distribution of droplets with respect to the cathode spot. The article 22 proposes a model based on the expansion of plasma in which ions from the ion cloud (above the cathode spot) accelerate toward the molten surface of the active cathode spot. Reactive force of the vapor stream exerts pressure on the molten metal that is pushed to edge of crater, and that results in the observed spatial distribution. Using the proposed model, it is possible to predict the speed of injected droplets, for example, copper droplets, within 20-100 m s À1 . The second of the proposed models of formation of micro-and macrodroplets 28 is based on the concept of the explosive nature of the ion emission. The model assumes that the electron emission is concentrated on local formations projecting from the surface of the cathode. Such formations are quickly warmed up by electrons and that eventually results in an outburst of such formations at peak pressures of about 2 Â 10 10 Pa. The outburst results in the formation of numerous surface defects and the formation of other cathode spots, whereby the aforementioned process is repeated. More effective approaches to the challenge to reduce the amount of emitted particles require a modification of plasma source and development of special filters.
As a result of the conducted studies, 18 it is found out that the vacuum arc spot of high-current low-voltage discharge generates micro-and macroparticles of droplets from the liquid phase during the formation of erosion craters on the surface. The formation of solid fragments (droplets) of the cathode material occurs because of thermoelastic stresses arising in the material in excess of the limit of its strength. The simplest means to reduce the amount of droplets in the vacuum arc coating synthesis are as follows:
(i) reduction of the temperature of the cathode surface by its intense cooling, (ii) reduction of the arc current in order to reduce the density of ion flow, and (iii) accurate placement of the substrate (product) surface relative to the surface (evaporated plane) of the cathode.
The influence of substrate bias and hydrogen/nitrogen (N 2 ) incorporation on the optical properties of tetrahedral amorphous carbon films, deposited by S bend filtered cathodic vacuum arc process, is reported in the study by Panwar et al. 32 Filtered plasma arc sources relate to the class of sources (usually with the use of DC), which use a variety of devices reducing the amount of micro-and macroparticles of the plasma flow ( Figure 6 ). The simplest method to reduce the amount of droplets in the condensable coating is to take advantage of spatial distribution of droplets emission and substrate placement to such position in the vacuum chamber to ensure it is not on a straight line to the cathode. The effect of the droplets filtration can be provided by placing a screen between the substrate and the arc source 21 ( Figure  6(a) ). In this case, the substrate and the screen are offset from each other in order to move the plasma around the screen toward the substrate. The generated droplets are trapped on the medial side of the screen and do not reach the substrate surface. The principal drawback of this method is a sharp decrease in condensate deposition rate on the substrate, although 2-3 mm h À1 are high enough (I a ¼ 80 A, diameter 125 mm-for controlled arc, diameter 63 mm-for stochastic arc). The controlled arc significantly reduces the amount of large macroparticles (with a diameter of >100 mm), especially under N 2 atmosphere. External solenoidal devices are also used to enhance the growth of ion source evaporation. Such sources are used to sputter material from the surface of a cooled target and subsequent deposition on the surface of the substrate. 30 It is found out that when Ti-, Al-, and niobium (Nb)-based coatings are deposited, super small grains are formed with virtually no formation of macro-and microparticles. The deposition rate was varied in the range of 2-6 mm h À1 , depending on the target material and the bias potential. Steffens et al. 22 studied the influence of magnetic fields on parameters of vacuum arc evaporation, with magnetic fields applied by a solenoid mounted directly in front of cathode ( Figure 6(b) ). When Ti evaporates, the solenoid field enhances the degree of ionization of the ion flow up to 100% with an average state of ion charge of 2.08. The deposition rate was varied in the range of 2-6 mm h À1 , depending on the cathode material and the bias potential.
A source of the ''joint'' type ( Figure 6(d)) , 23 a source with the plasma flow deviation (Figure 6(e) ), 29 and a source with emission grid and hollow cathode open in the direction of the grid (Figure 6(f) ) 24 are used. The article 25 proposes a design of toroidal ion source, in which charged particles are deflected by powerful magnetic field, and neutral micro-and macroparticles are trapped by a special device. The filtering source consists of a plasma duct (deflector), which is a part of a torus with an angle of 120
. The inner diameter of the deflector is 200 mm, and an electromagnetic coil is placed at its outer side. At the deflector inlet, a cathode assembly is located with cathode mounted thereon, which is shifted from the centre of the deflector so as to be located relative to the centre of the torus at radius R 0 ¼ p (rÁ R), where r and R are minor and major radii of the deflector walls, respectively. Therefore, when current is passed through the coil inside the deflector, uniform magnetic field is created along the entire length.
At the opposite end of the deflector, the anode of arc charge is located, which can be represented by walls of the vacuum chamber, and positive or negative voltage is supplied to the body of the deflector. Therefore, when current is passed through the coil, a magnetic field uniform along its length is formed inside the deflector. The magnitude of the magnetic field at the centre line of the torus is about 600 G. The arc discharge is ignited between the cathode and the anode and allows the passage of the electron current through the plasma arc formed inside the deflector. Since the electronic component of plasma is magnetized, then magnetic field lines, crossing the cathode and passing near the axis of the deflector, take the potential close to the cathode potential, and the power lines near its walls-the wall potential. Therefore, the plasma creates an electric field, perpendicular to the walls of the deflector, which provides the ion drift from the walls or to the walls of the deflector depending on the polarity and magnitude of the voltage applied. Thus, the ionized plasma component is Figure 6 . Sources with filtration of plasma flow: shade sources (a) 21 ; extending source with a field coil (b) 22 ; sources with filtration of plasma particles (c) 25 ; sources of ''joint'' type (d) 23 ; source with plasma flow deviation (e) 29 ; source with emission grid and hollow cathode open in the direction of grid (f). 24 1-cathode; 2-anode; 3-trigger; 4-substrate; 5-cathode case; 6-wall of vacuum chamber; 7-cooling system; 8-insulator; 9-magnetic coil; 10-magnetic field lines.
transported along the magnetic field lines through the deflector to the exit in the vacuum chamber, whereas the particles and the neutral plasma component are deposited on the lamella traps mounted on the walls of the deflector (Figure 6(c) ). Besides, this device can act as a plasma stream accelerator and serve as a source of electrons for thermal activation of the material adjacent to the working surfaces of the tool and a source of highly charged ions in gas (e.g. N 2 ) for stimulated thermochemical machining of the tool. Such processes and technologies based thereon are referred to as the filtered cathodic vacuum arc deposition (FCVAD). From the above, it is possible to propose more active introduction of the systems of vapor-ion flow filtration for separation of macro-and microparticles and, consequently, improvement of the performance properties of coatings. While maintaining the advantages of the MeVVA method, these systems can eliminate such a drawback of this method as the formation of macro-and microparticles of the cathode material during the plasma generation, especially for metals with relatively low atomic weight and density (Ti, Al, etc.).
Architecture of developed nanoscale multilayered composite coatings
Coatings have a dual nature as an ''intermediate technology medium'' between the tool and the workpiece materials. Using this concept of dual nature, functional requirements for coatings for cutting tools were derived to prove the concept of multilayer composite coatings with nanoscale structure. [2] [3] [4] [5] [6] [7] To modify the surface properties of cutting tools, it is proposed to use three-layered nanoscale multilayered composite coatings (NMCC), consisting of the outer wearresistant layer 1 in contact with the material being machined, the intermediate layer 2 in simultaneously contact with the outer layer 1, and the adhesive sublayer 3 in contact with tool material (substrate; Figure (7) ).
Composition, architecture, structure, and properties of every layer of NMCC in the process of modification of properties of tool material should improve wear resistance of tool material under specified conditions of tool operation. Use of NMCC can simultaneously solve the problem associated with the dual nature of coatings on contact areas of cutting tool that acts as an intermediate technological environment between the tool material and the processed material. Actually, NMCC can simultaneously improve wear resistance of contact areas of cutting tool by reducing physical and chemical activity of tool material, reducing adhesion with regard to processed material and reducing the thermomechanical stresses acting on the tool contact areas (function of outer layer 1 NMCC), and it simultaneously provides high adhesion strength with tool material (function of adhesive sublayer 3 NMCC). [2] [3] [4] [5] [6] [7] Intermediate layer 2 performs an extremely important function: in addition to providing strong adhesion with the layers 1 and 3, it blocks diffusion in the system ''tool materialworkpiece material'' and reduces the intensity of the heat flows from the frictional heat sources to the cutting tool and surface of the workpiece under machining.
For the formation of coatings modifying the properties of cutting tools and forming multilayer composite system with nanoscale structures, this study used the technology based on the process of FCVAD. This technology allows forming coatings with strong adhesion to the substrate, high density, and hardness, and that provides a significant increase in efficiency of cutting tools.
The technology of applying NMCC included three main stages:
(i) pretreatment of samples of carbide cutting inserts (for turning tools and face milling cutters), (ii) following fine ionic cleaning and thermal activation of the inserts directly at the station chamber, and (iii) actual deposition of coatings.
The parameters used at each stage of the deposition process of NMCCs are shown in Table 1 .
During the process of coating deposition, Ti 99.8%, Al 99.9%, (zirconium (Zr) 80% þ Nb19.5%), and chromium (Cr) 99.9% were used.
Results and discussion

Studies of physical and mechanical properties of NMCC
Surface morphology and structure of transverse section of designed NMCC are shown in Figure 8 .
The results of the study of component composition of NMCC, obtained by X-ray microanalysis, are shown in Table 1 . It is found out that, depending on the parameters of the FCVAD deposition process, the NMCC composition is synthesized as follows: 16-18 atm% Cr, 16-17 atm% Ti, 19-24 atm% Zr, 42-47 atm% N, 1-2 atm% Al, and 2-3 atm% Nb.
The study has revealed considerably strong influence of the parameters of the synthesis process on their properties. In particular, when current of NbZr cathode arc increased from 135 A up to 170 A, the content of Nb and Zr in the coating increased from 2.7% to 3.13%, respectively, with corresponding reduction in concentrations of other elements.
The growth of bias potential on carbide substrate U b from À80 to À160 V, which increases the energy of deposited ions, reduces the N 2 content from 47 atm% down to 42 atm%. This result apparently relates to high N 2 dispersibility as the lightest element in the composition of NMCC, by heavy metal ions (Cr, Zr, and Nb).
The phase composition of NMCC Ti -TiN-(NbZrTiCr)N was studied by the method of X-ray diffractometry (see Figure 9 ).
The hardness (HV) of coatings was determined by measuring the indentation at low loads, according to the method of Panwar et al. 33 and Tripathi et al., 34 which was carried out on a Micro-Hardness Tester (CSM Instruments, Switzerland) microindenter at a fixed load of 300 mN. The penetration depth of the indenter was monitored so that it did not exceed 10-20% of the coating thickness to limit the influence of the substrate. The nanomechanical properties of coatings and analysis of the nanoscratching processes at low loads to obtain quantitative analysis, the comparison of their elastic/plastic deformation response, and nanotribological behavior of coatings are presented in the literarure. [35] [36] [37] The results of the study of physical-mechanical properties of developed NMCC based on Ti-TiN-(NbZrTiCr)N are shown in Table 2 .
Following the analysis of the obtained results, the following can be noted. When bias potential U b applied to the carbide substrate increases, the hardness of NMCC on the base Ti-TiN-(NbZrTiCr)N (as example) increases from 28.1 GPa at U b ¼ À80 V and n ¼ 1 r min À1 up to 32.3 GPa at U b ¼ À120 V and n ¼ 1 r min À1 . This is apparently a consequence of the effect of ionic hardening, the possibility of which increases with the increase in U b and, respectively, magnifies the energy of bombarding ions. At the same time, it increases the level of microdistortions of NMCC due to deformation of the crystal lattice of the material phases. For example, for the phase on ZrN, e ¼ 2.12 + 0.17% at U b ¼ À80 V and e ¼ 2.86 + 0.23% at U b ¼ À120 V, and for the TiN-based phase, e ¼ 1.27 + 0.07% at U b ¼ À80 V and e ¼ 1.52 + 0.05% at U b ¼ À120 V. The increase in the hardness of NMCC can also relate to the compression because of the greater mobility of the atoms adsorbed on the surface and forming NMCC. With further increase of the bias potential, the hardness of NMCC decreases to 25.9 GPa at U b ¼ À160 V, which relates to violations of section boundaries between specific nanolayers. The increase in the rotation speed of a carbide sample from 1 r min À1 to 2 r min À1 at the same bias potential U b ¼ À120 V results in the increase in hardness of NMCC from 32.3 GPa up to 36.6 GPa, with no reduction in toughness. In particular, it is found out that the work of plastic deformation (toughness characteristic) is almost constant and reaches 0.55 and 0.56, respectively. The marked increase in hardness is probably a consequence of the chipping of crystallites of the phases of the respective layers, caused by the decrease in the thickness of the multilayered structure of NMCC. Meanwhile, the hardness of NMCC can grow because of the increase in the total length of the interlayer and intercrystalline boundaries, which are an obstacle for the penetration of an indenter. Further increase in the rotation speed of the sample to n ¼ 3 r min À1 , despite degeneration of the multilayered structure, is accompanied by a slight decrease in hardness down to 34.5 GPa. The latter is apparently connected with the great influence on the hardness of the crystal sizes, which are not changed and range from 3 nm to 6 nm.
Methods for study of cutting properties for carbide inserts with NMCC
This test used carbide inserts, with dimensions of 12.5 Â 12.5 Â 4.75 (SNUN ISO), with an edge radius r ¼ 0.8 mm.
Here, a pilot batch of inserts was produced with carbides WC10XOM (WC 88%, Cr 2 O 3 2%, and Co 10%; ISO S20-S30) and TT10K8B (WC 82%, TiC 3%, TaC 7%, and Co 8%; ISO S20-S30). The produced inserts were divided into three groups, the first of which (without coatings) was used as a control group, the second group of inserts was coated with complex composite coating Ti-TiN-(NbZrTiCr)N (standard MeVVA technology), and the third party of inserts was coated with the system Ti-TiN-(NbZrTiCr)N (FCVAD technology). Longitudinal turning in dry conditions was conducted, maintaining the cutting speed at a specified level when the diameter of the workpiece was changed. Face milling was also carried out. The machining test was carried out on steel C45 (HB 200) and nickel-based alloy NiCr20-TiAl. The cutting parameters were used as follows: 
Results of machining tests of cutting properties of carbide inserts with NMCC
The verification tests of cutting properties of inserts with developed NMCC were carried out for two fundamentally different processes: longitudinal turning (continuous cutting process with constant parameters for cross sections of cut and contact thermomechanical stresses during cutting in one pass) and face milling (interrupted cutting process with variable parameters for cross sections of cut and thermomechanical stresses during cutting).
For turning of steel, the study used inserts of carbide TT10K8B without and with NMCC. For face milling of nickel alloy, the study applied one inserts of WC10XOM with Ti-TiN-(NbZrTi)N coating.
Selection of NMCC on the basis of the composition of Ti-TiN-(NbZrTiCr)N for milling operation was justified by sufficiently balanced combination of hardness (H), modulus of elasticity (E), and toughness (WP; see Table 2 and  Table 3 ), as well as by its high thermal stability.
The results of verification tests of inserts TT10K8B and WC10XOM (control inserts, with developed NMCC-standard MeVVA technology and FCVAD technology) for turning and milling of steel C45 and nickel alloy NiCr20TiAl are presented in Figures 10 to 13 . The conducted tests have revealed significant advantages of carbide tools with developed NMCC on the basis of the system Ti-TiN-(NbZrTi)N (FCVAD technology) compared to control carbide tools without coatings and developed NMCC on the basis of the system Ti-TiN-(NbZrTi)N (standard MeVVA technology).
Comparison of the results of the verification tests of the cutting properties of tools of carbides WC10XOM (ISOS20-S30) and TT10K8B (ISO S20-S30) without coatings and with NMCC formed with the use of the standard . NMCC: nanoscale multilayered composite coating; Ti: titanium; Nb: nicobium; MeVVA: metal vapor vacuum arc; FCVAD: filtered cathodic vacuum arc deposition. Table 3 . Physical and mechanical properties of NMCC. MeVVA technology, with the corresponding data for carbide tools with developed NMCC (FCVAD technology). NMCC deposited on surfaces of the carbide cutting tools using the FCVAD processes sufficiently improve the tool life compared with the tool life of control carbide tool without coating or with NMCC produced with the use of the standard MeVVA technology, with fine structure and sufficiently notable imbalance of hardness and strength for all tested cutting conditions (see Figures 10 to 13) .
Parameters of deposition
The maximum increase of tool life is shown by inserts with developed NMCC based on Ti-TiN-(NbZrTiCr)N (FCVAD technology; see Figures 10 to 13 curves 3) .
This study confirmed the results obtained by many researchers [1] [2] [3] [4] 6, [38] [39] [40] about an increase in the tool efficiency with wear-resistant coatings reached after an increase in the cutting speed. An increase in the tool life (3-6 times) is shown by carbide inserts with developed NMCC. This is achieved by integration of the effects of reduction of the thermomechanical stresses and simultaneous favorable transformation of the contact and tribological processes during cutting.
Another issue of particular interest is the results of the studies of cutting properties of WC10XOM carbide inserts with developed NMCC (standard MeVVA and developed FCVAD technology) for interrupted cutting (see Figures 12  and 13) . Analysis of the presented data allows concluding the following. Milling process is accompanied by cyclic thermomechanical stresses, unsteady contact processes, and that fact significantly complicates the tool operation and intensifies its wear. However, there is an opinion of limited benefit of the use of NMCC for interrupted cutting, which is overthrown by these new findings. Analysis of the results of verification tests of carbide tools in face milling shows that milling cutters equipped with carbide inserts with developed NMCC (FCVAD technology) had tool life 1.3-2.2 times higher than the tool life of milling cutters without coatings or with developed NMCC (FCVAD technology).
Conclusion
(a) This study has developed methods to produce modifying NMCC with nanoscale grain structure and thickness of sublayers to significantly improve the cutting properties of tools made of carbides in continuous and interrupted cutting processes. The process of FCVAD was developed to deposit NMCC, and this process increases the quality of NMCC due to almost complete (up to 90-95%) filtration of macro/microdroplets of vapor-ion flow, blocking of electro-erosion etching of cutting edges and working surfaces of tools, formation of nanodispersed grain structure of NMCC and nanoscale thickness of sublayers of all its elements. (b) Investigation of the composition and structure of NMCC deposited on carbide substrates with the use of the developed process of FCVAD allowed classifying the produced NMCC as nanostructured.
In particular, the example of NMCC based on the system of Ti-TiN-(NbZrTiCr)N reveals that the 
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